In this article, the efficiency loss of a beer filling line is investigated and modeled to improve its system performance in terms of overall equipment effectiveness and productivity. First, research is aimed at problems related to beer filling line resulting from poor production management where utilization and productivity of filling machines are low. This article derives the overall equipment effectiveness of filling machines and overall throughput effectiveness of the filling line, with the overall throughput effectiveness of general system (OTE (S) ) obtained based on these measurements. Based on these metrics, the efficiency evaluation system is established. Next, according to the efficiency evaluation indexes, overall equipment effectiveness, and OTE (S) , the overall efficiency of filling machines and filling line are calculated, respectively. From the results, the stenciling machine has the lowest efficiency. However, considering overall throughput effectiveness indexes and production capacity, unit 3 is the bottleneck and limits the entire productivity. Finally, efficiency loss is analyzed based on the overall equipment effectiveness and OTE (S) calculation results. Using a fishbone diagram for analysis, the cause of equipment loss is summarized and countermeasures are offered. Theory of constraint is used to analyze the efficiency loss of the filling line and give suggestions for improvement. This research can help beer enterprises achieve continuous improvement of equipment efficiency and production capacity.
Introduction
In the beer industry, beer filling is the most complex and important link, as the quality of packing is directly related to product cost and sales. The main packaged forms of beer are as follows: glass bottle, plastic bottle, and aluminum can. Differences in sterilization can cause beer to be divided into pasteurized beer and draft beer. In addition, differences in liquid level, beer variety, labeling techniques, sterilization methods, bottle shape, and other factors result in the technical parameters of filling machines becoming uncertain and complex. In turn, filling production management is difficult, resulting in a serious loss of equipment efficiency in the beer filling process, limiting improvement of efficiency. At present, the bottle damage rate and beer loss is high in China, with filling machines losing up to 2%-3%, whereas foreign production sees only 0.5%. However, the filling process is unqualified; as beer may spray out while filling, the liquid level of beer in bottles is inconsistent, capping defects arise, as well as other problems. The efficiency of bottle washing is low with residual alkali remaining after washing, as well as labels that cannot be washed away. In addition, labeling is unqualified, as there are wry labels, folded labels, and broken labels following the labeling process.
In addition to the above problems that exist in beer filling production, there are also management problems pertaining to the filling line. These problems include low information collection accuracy, abnormal events that cannot be processed in time, and the maintenance and management of equipment are backwards. These problems require urgent solutions through establishing an efficiency evaluation system to assess filling machine efficiency and improving production line efficiency for beer enterprises.
The overall equipment effectiveness (OEE) was first introduced by Nakajima 1 in the context of total productivity maintenance (TPM) as a metric of equipment efficiency. As a well-known measurement method, OEE can fully reflect the equipment condition in the production site, and it is widely used in the manufacturing industry to analyze equipment efficiency. Netto et al. 2 used OEE to predict shutdown maintenance and suggested that a correlation exists between the timebetween-stoppages and the trend degree of the mean and/or the standard deviation of cycle time, aiming to help predict maintenance shutdowns. Ylipa¨a¨et al. 3 identified the maintenance improvement potentials using an OEE assessment within the manufacturing industry. Here, various equipment losses were quantified using OEE, including factors such as availability, utilization, speed, quality, and planned stop time. Based on the results, improvement potential and future trends for maintenance can be identified. Tsarouhas 4 researched application of OEE in the beverage industry through the analysis of failure and repair dates on the production line over a period of 8 months. The computation results using OEE accurately identified critical points in the production process requiring immediate action to improve the productivity and the efficiency of the line. Tsarouhas 4 indicated that OEE can also be utilized in the machinery manufacturing sector of the beverage industry. Specifically, manufacturers of bottled products can use OEE to improve the design and operation management of bottling production lines. De Ron and Rooda 5, 6 demonstrated that OEE could be affected by environment, and as such, the concept of equipment effectiveness, E, was put forward and is solely affected by the behavior of the equipment itself. OEE does not always indicate the influence of changes in equipment properties; however, the introduction of E compensates for this lack. The concept of E is applicable to equipment level only and not to the entire line. OEE has demonstrated good functions in analyzing availability, performance, and quality; however, raw materials and environment, such as production systems, logistics, labor, and operation, may also contribute significantly to the equipment performance. In addition to the method E put forward by De Ron, Garza-Reyes 7 presents an alternative measure derived from OEE called overall resource effectiveness (ORE). ORE can provide more comprehensive information concerning the production process. Hedman et al. 8 researched loss factors from automatic measurements of OEE. OEE losses are difficult to classify if the data set is large. As such, distribution and classification of losses and critical factors that directly affect the accuracy and applicability of OEE measures are identified, helping to utilize the full potential of this automatic data acquisition system. The OEE method is simple and clear and demonstrates excellent performance in analyzing and evaluating equipment efficiency. OEE has been recognized as a fundamental method for measuring equipment performance and is accepted as a primary performance metric. 9 Although OEE quantifies equipment capacity at the device level, it cannot measure the efficiency of the filling line, nor can it identify process bottlenecks, equipment and whole equipment life-cycle efficiency loss, releasing loss, or hidden capacity. 10, 11 As for the production line, throughput is an important index for evaluating production system performance. Muthiah and Huang 12 researched efficiency losses on the factory level, demonstrating that the overall throughput effectiveness (OTE), derived on the basis of OEE, is a metric of the relative relationship among equipment in a production system. Compared with OEE, OTE measures factory-level performance and can also be used for performing factory-level diagnostics such as bottleneck and identifying hidden capacity. However, OEE can only be used to one machine, and this method cannot find bottlenecks from the global perspective.
This article derives OTE method and establishes universal model (OTE (S) ) for general production system, based on this model to analyze the efficiency loss of entire filling line and find out the bottleneck. Then, on the basis of fault analysis, the measures to deal with different fault factors were given.
Overall efficiency evaluation of a beer filling line
In this article, a system for efficiency evaluation of a beer bottling line is established and is shown in Figure 1 .
To establish an efficient evaluation system of a bottling line, a reasonable and effective efficiency evaluation index should be put forward followed by an evaluation index to research and analyze the efficiency loss. After this proposed analysis, optimization and improvement suggestions are given as demonstrated in this article.
This article researches OEE tools as well as theoretical methods of measuring overall equipment. The overall efficiency measurement formula is deduced from the structural characteristics of a general production system based on the formula to calculate the OEE/OTE indexes.
OEE
OEE is composed of three performance metrics: availability rate (A), performance rate (R), and quality rate (Q). The relationship between these metrics is defined as follows
where A is the availability rate, P is the performance rate, Q is the quality rate, T U is the uptime of equipment or actual processing time, T d is the downtime, T T is the planned running time or total observation time of equipment, T P is the production time of equipment, R act is the actual processing speed of equipment, R th is the theoretical processing speed of equipment, P g is the amount of the qualified product, P a is the amount of products produced by equipment during the total observation time, and P u is the amount of unqualified product.
Availability rate refers to the assessment metric of all losses due to breakdown as well as other factors including any events-of which breakdown is the main form-that can lead to changes in production plan such as damage and replacement of tools, serious faults such as equipment failure and shortage of raw materials, or even some emergencies that can lead to production shutdown.
Performance rate is the ratio of the actual processcycle to the theoretical process-cycle. Performance rate is a measurement of the degree of equipment performance, including various factors that can lead to a machine operating at capacity below initial settings. These factors include failure of the middle test, temporary stoppage of equipment, inspection, cleaning, and adjustments.
Quality rate represents the ratio of the number of qualified products to total production quantity. The concept of quality rate is an assessment of the effective work of equipment, representing possible losses in productivity caused by a production quality problem, such as the product losses while the machine is running. 13, 14 From equations (1)- (4), another definition of OEE can be given as follows:
where P th a is the theoretical output of one single device. Equation (5) delivers the ratio of the actual output to theoretical output for one single equipment, reflecting the qualified output of one equipment.
Obviously, OEE cannot represent global production. Thus, to research overall effectiveness of the entire line, OTE is put forward.
OTE and bottleneck index
OTE has been developed based on OEE and further develops OEE. OTE is the measurement of the relative relationship among equipment in a production system and is used to discuss the operation performance within the system. 12 Using equation (5) , the essence of OEE is the ratio of the quantity of qualified output to theoretical output. This concept is applied to the OTE of a production system, which is considered as a separate device in theory. The essence of OTE is therefore the ratio of qualified output (actual output, P g(F) ) to theoretical output (P (th) a(F) ) of the entire line and is defined as follows OTE derivation of a series system. In a series production system (Figure 2 ), to derive OTE calculation formula, two important concepts should be introduced. The theoretical output of the entire production line is determined by the equipment with the lowest processing speed in the production system.
In the case of zero loss, the theoretical output of ith equipment is defined as
The theoretical output, P
a(F) , of the entire system can be derived as
In production line, the actual output of the system is determined by the equipment with the least qualified output, including the impact on the quality of downstream equipment.
In a series production system, the qualified product output of ith equipment can be derived by transforming equation (5) as follows
In addition, taking into account the influence of nonconforming products produced by upstream equipment on downstream equipment quality, the actual qualified product output, P i g(i) , of ith equipment can be derived as follows
where Q (j) is the qualified rate of the jth equipment after ith equipment; P g(i) 3 Q n j = i + 1 Q (j) is the product of the qualified output of the ith equipment and the qualified rates of all equipment after the ith equipment.
Here, the effect of upstream equipment on downstream equipment is taken into consideration, and the resulting equation is given in the form of the product of quality percentage.
In a series system, the minimum output of qualified product is as follows
According to this concept, equation (11) denotes the actual output of the entire production line system.
Substituting equations (8) and (11) into equation (6), the OTE of a series system can be defined as
In a series production system, the (12) describes the qualified output per unit time of equipment, i, after it was affected by all downstream equipment. The minimum value of this equation is the qualified output per unit time of the entire series production system. The strength of the system depends on the weakest link or unit. Therefore, the unit that corresponds to the minimum value of the equation can be called the bottleneck unit. Thus,
is the bottleneck index. In the instance that the equipment in question is the last component of the system, the bottleneck index is OEE (n) R th(n) . The machine that leads to the minimum value is called the bottleneck component.
OTE derivation of a parallel system. In a parallel system (Figure 3 ), actual output and theoretical output are the sum of each component.
In the case of zero loss, the theoretical output of the ith component is determined by equation (7), and the theoretical output of this parallel production system is as follows In parallel production systems, any equipment loss can affect the system output. The actual output of the ith component is determined by equation (9) . The actual output of a parallel system can be expressed as follows
Substituting equations (13) and (14) into equation (6) , the OTE calculation formula of a parallel production system can be defined as
Derivation of general production system efficiency
The above derivation is a translation from one single equipment's OEE to a series production or parallel production system's OTE, with the OTE calculation formula based on OEE. In actual production systems, a production line or production system generally consists of more than just series or parallel systems, as there are also hybrid systems. As shown in Figure 4 , a general production system is composed of n units in series, with each unit consisting of a variety of equipment connected in series, parallel, or hybrid. Beer bottling line production systems can be composed of several units in series. For each unit, the connection between equipment and components is different. Depending on the production line configuration, some units are in series, and some units, such as beer bottling units, could be composed of two machines in parallel to expand production capacity ( Figure 5 ). While there are a variety of connection types for a labeling or stenciling unit, it is most typical to encounter a labeling machine and stenciling machine in series and then parallel ( Figure 6 ).
Referring to the derivation process of OEE to OTE, we can complete the derivation of general production system OTE (S) . From Figure 4 , OTE (i) is the overall effectiveness of unit i, and the entire production line is composed of units in series. Combining with equation (12), the overall effectiveness of a general production system is defined as
where OTE (i) is the overall effectiveness of unit i, R th(i) is the theoretical processing speed of unit i, and
is the product of all unit qualified rate after unit i.
To get equation (16), OTE (i) , R th(i) , and Q (i) of each unit must be obtained. In the previous section, the overall effectiveness of a series system and parallel system was given. The overall effectiveness of hybrid systems also needs to be derived. Under the general assumption regarding the connections between each component equipment in each unit, every unit can be assumed to be a hybrid system as shown in Figure 7 . Here, the system is composed of p branches in parallel, with each branch composed of q devices in series. The unit is a parallel system that is composed of p devices when q = 1, and the unit is a series system composed of q devices when p = 1.
Derivation of overall effectiveness of unit i. Treating this unit as a separate device, the essence of OTE is the ratio of qualified output, meaning actual output, P g(F) , to In a hybrid system (Figure 7 ), consider a series system and then connect them in parallel. Combining with equations (12) and (15), the qualified production output, P g(r) , of the rth series production line can be defined as follows
where OEE (r, t) is the OEE value of the tth component in the rth production line, R th(r, t) is the theoretical processing speed of the tth component in the rth production line, and
is the product of the qualified rate of the machines after the tth equipment in the rth production line.
The theoretical output, P th a(r) , can be expressed as
Connecting p production lines in parallel, the overall effectiveness of hybrid system is OTE (i) =
P th a(r)
.
Incorporating equations (17) and (18) into this formula, the overall effectiveness of unit i is
The theoretical processing speed of unit i can be defined as
Derivation of three performance metrics of unit i. Regarding unit i as a separate device, the three performance metrics, availability rate A (i) , performance rate P (i) , and quality rate Q (i) , can be discussed further. The calculation formula can be modified with reference to the OEE and three metrics of one single component. In theory, the production cycle of this unit equates to a bottleneck machine production cycle. To determine A (i) , P (i) , and Q (i) , the following principles should be followed:
1. The availability rate of a production line or production process equals the availability rate of a bottleneck machine. If there are several Figure 7 . Hybrid unit i. bottleneck machines, the availability rate of a production line or production process equals the weighted average of these bottleneck machines. The weight of one machine is directly proportional to its production capacity or theoretical processing speed. 2. The performance rate of a production line or production process equals the performance rate of a bottleneck machine. If there are several bottleneck machines, the performance rate of a production line or production process equals the weighted average of each bottleneck machine. The operation of all parts in a production line or production process equates the running of a bottleneck machine. 3. Only when defective or inferior production occurs in or after a bottleneck link, they are regarded as factors that can affect the quality rate. The quality rate of a production line or production process equals the quantity of parts produced by the bottleneck process minus the quantity of quality defects and inferior products produced in or after the bottleneck process, which is then divided by all products produced in the bottleneck process.
In unit i (Figure 7 ), the bottleneck index of a series system can be used to derive a bottleneck machine, x, in the rth branch, which can lead to the minimum value of OEE (t) R th(t) Q q j = t + 1 Q (j) . In theory, the availability rate of unit i equals the weighted average of the bottleneck machines in each branch, so the availability rate of unit i can be defined as
where A (r, x) is the availability rate of the bottleneck machine, x, in branch r; and R th(r, x) is the theoretical processing speed of the bottleneck machine, x, in rth branch.
In theory, the performance rate of unit i equals the weighted average of the bottleneck machines in each branch. As such, the performance rate of unit i can be defined as
where P (r, x) is the performance rate of the bottleneck machine, x, in rth branch; and R th(r, x) is the theoretical processing speed of the bottleneck machine, x, in rth branch.
The quality rate of unit i is as follows
where P a(r, x) is the real production quantity of the bottleneck machine, x, in rth branch; and P u(r, k) is the quantity of nonconforming products produced by the bottleneck machine, x, or the kth machine after machine x in branch r.
Derivation of overall effectiveness of general production system. Incorporating equations (19), (20), and (23) into equation (16), the overall effectiveness of a general production system (OTE (S) ) can be obtained.
Derivation of three metrics of general production system. Similarly, with reference to the bottleneck concept of a series system in section ''OTE derivation of a series system,'' the bottleneck index of entire system is
, the bottleneck unit, y, can be obtained.
The availability rate of an entire system is the same as that of the bottleneck unit y, (A (y) )
The performance rate of the entire system is the same as the bottleneck unit y, (P (y) )
The quality rate is
P a(y) is the production quantity of unit y, and P u(j) is the nonconforming products that are produced in the jth unit. Statistically, the OEE for one single machine can identify the causes of efficiency loss through three measurements. If the entire production line or production system is treated as one coherent piece of equipment, the bottleneck index and three performance metrics of OTE (S) can reflect the overall efficiency loss from a global perspective. Thus, it is important to enhance the overall effectiveness of the production system.
Application of overall production system effectiveness in a beer filling line A beer bottling line is composed of the following components: box unloading, bottle washing, beer bottling, beer checking, labeling, packing, and other links. The processing technology of beer filling line is shown in Figure 8 .
As for unloading and packing links, since the box types and packing types vary, there are multiple conditions needed to be taken into consideration. The representative process from bottle washing to labeling is selected as the research object, with the process model shown in Figure 9 . This process is followed by bottle washing, bottle checking, bottling, capping, sterilization, inspection, labeling, and coding links. This production line is composed of two beer bottling machines set up in parallel, of which the capacity is 36,000 bottles/h, with a theoretical production capacity of up to 72,000 bottles/ h. In order to match the production capacity, distribution parallel equipment is adopted in other links of the production lines to improve production capacity.
Calculation of the OEE for the bottling machine
For convenient study, every link can be regarded as a single unit. Unit 2 is composed of two bottle-checking machines in parallel; unit 3 represents bottling and capping links composed of bottling machine 1 and capping machine 1 in series, which are then doubled this series line in parallel; unit 5 is composed of two photoelectric detector in parallel; and unit 6 is composed of two branches in parallel, with branch composed of a labeling machine and a printing machine in series. The entire system can be considered as a hybrid system composed of six units. Observation time is set to 1 h, during which the production data and parameters of each device are shown in Table 1 .
To calculate the value of OEE and three performance metrics of each device, the bottle-washing machine in unit 1, for example, the derivation process of OEE follows the following process. First, the availability rate is calculated by taking the observation time, T T , and downtime, T d , into equation (2), and the availability rate of bottle-washing machine can be obtained as A = 0.9567.
Second, the performance rate is calculated by taking the total production, P a , rate speed, R th , observation time, T T , and downtime, T d , into equation (3) . In doing so, the performance rate of bottle washing is calculated as P = 0.8644.
Following this, the qualified rate is calculated by taking total production, P a , and unqualified production, P u , into equation (4) . The qualified rate of bottle washing is thus obtained as Q = 0.9887. Finally, using equation (1), by multiplying A, P, and Q together, the OEE of the bottle-washing machine is calculated as OEE = 0.8176.
The OEE derivation of other devices is the same as above; the results of each device are shown in Table 2 .
Calculation of overall efficiency of beer filling line
Through downtime, total production, unqualified quantity, and other production data, the value of OEE and the three metrics of each piece of equipment are given in Table 2 . Next, to obtain the overall efficiency of the entire production system, the OTE and three metrics of every unit are needed.
Unit 1
There is only one bottle-washing machine in unit 1, so the OTE (1) = 0.8176, R th(1) = 82,000 bottles/h, A (1) = 0.9567, P (1) = 0.8644, and
Unit 2 is composed of two bottle-checking machines in parallel. According to equation (15) , OTE (2) = 0.8242, R th(2) = 80,000 bottles/ h, A (2) = 0.9688, P (2) = 0.8606, and Q (2) = 0.9885.
Unit 3
Unit 3 is composed of two branches in parallel. The first branch is composed of beer bottling Figure 9 . Model of beer filling production system. machine 1 and capping machine 1 in series, and second branch is composed of beer bottling machine 2 and capping machine 2 in series. Taking the OEE, theoretical processing speed, and quality rate of these four devices into equation (19), OTE (3) = 0.8862 and R th(3) = 72,000 bottles/h according to equation (20). To obtain the desired three performance metrics of unit 3, it is necessary to first identify the bottleneck machine in each branch. In the above section, it has been shown that
is the bottleneck index of a series system, and the minimum value of this formula is the bottleneck. In branch 1, the bottleneck index of the bottling machine and the capping machine is 31,898 and 31,889, respectively. As such, capping machine 1 is identified as the bottleneck. Similarly, in branch 2, the capping machine is the bottleneck, with a bottleneck index value of 31,921. From equation (21), the availability rate is The derivation process is the same as with unit 3, giving OTE (6) = 0.7457, R th(6) = 84,000 bottles/h, A (6) = 0.9690, P (6) = 0.7512, and Q (6) = 0.9909. Q n j = i + 1 Q (j) , it can be determined that the bottleneck index of each unit is 63,860; 63,536; 62,130; 62,134; and 62,639. It is obvious that unit 3, the bottling and capping unit, is the bottleneck. According to equations (24)-(26), it is determined that A (S) = 0.9825, P (S) = 0.9115, and Q (S) = 0.9535. The overall efficiency of each unit and the entire production system are shown in Table 3 .
Analysis of efficiency loss of beer filling lines
Through OEE and OTE (S) , the bottling device and production line are assessed, analyzed, and diagnosed in this section. Determining the loss of efficiency in the beer bottling line, and targeting the loss to implement improvement measures, the improvements are reflected in evaluation metrics where the efficiency evaluation system of the beer bottling line has been established.
Through continuous cyclic improvement, the purpose of improving the utilization and management efficiency of the production line and equipment can be achieved as shown in Figure 10 .
Analysis on efficiency loss of filling machines
Equipment efficiency loss analysis based on OEE. The running conditions of the equipment can be calculated by OEE metrics using three different factors: availability rate, performance rate, and qualified rate to quantitatively analyze the running conditions. In order to maximize OEE, the three major metrics must be maximized. Decomposing and refining the three major metrics to find out terminal factors-the fundamental cause of poor equipment-then the six losses that affect equipment efficiency can be obtained. These factors include setup and adjustment time loss, failure and breakdown losses, reduced speed loss, idling and minor stop loss, start-up defect losses, and production defect losses. These six losses are closely bound to the quality and cost of enterprise. These losses are especially significant for small-and medium-sized enterprises, as the losses have a significant impact on them. The relationship of OEE and the six major losses is shown in Figure 11 .
Failure and breakdown losses include two aspects: time loss and quantity loss. Time loss refers to time lost due to equipment failure or breakdown. Quantity loss refers to the decreased production quantity due to defective products. Since the occurrence of equipment failure is usually accidental, staff should always check the equipment and take some preventive measures daily, even to analyze frequent failures to avoid such incidences.
Setup and adjustment losses result from downtime and defective products occurring when the production of one item ends and the equipment is adjusted to meet the requirements of another item. The total setup time Figure 11 . Relationship between OEE and six major losses. is composed of internal setup time and external setup time. The whole setup time can be greatly reduced by decreasing the internal setup time, reducing losses from setup and adjustment.
Idling and minor stop losses occur when production is interrupted by a temporary malfunction or when a machine is idling. There is a strong urgency in this situation, usually 5-10 min, which results in some losses due to cleaning work. Productivity losses caused by idling can be reduced by improving personnel skills and literacy.
Reduced speed loss refers primarily to losses caused by differences between actual speed and design speed. Improving operation level and repairing defective equipment can resolve these factors.
Start-up defect loss refers to loss occurring in the early stage of production from machine start-up to stabilization. Since start-up and stabilization processes will always be present, these losses are not avoidable. However, there is some uncertainty with this kind of loss. Start-up defect loss can be reduced by improving equipment performance and operation levels, and reducing process fluctuation.
Production defect losses and quality defects caused by malfunctioning production equipment require reworking. Some sudden defects can be eliminated by adjusting the device, while chronic defects are difficult to find and are easily ignored or forgotten.
Causal analysis of bottling machine OEE. Combining OEE analysis tools and production characteristics with an actual production situation of a beer bottling line, factors that will affect the availability rate, performance rate, and quality rate can be determined using a fishbone diagram from the perspective of quality. The analysis results are shown in Figures 12-14 .
Using these fishbone diagrams, it is determined that the comprehensive and systematic analyses of efficiency loss in the production process and the main factors that affect the OEE are as follows: frequent failures, inadequate maintenance of equipment, and logistics issues. In the equipment management process, maintenance and prevention should be targeted to strengthen.
Analysis of common problems in filling devices. There are many devices in a beer bottling line. The technological process is complicated resulting in many problems in the bottling process. Based on the investigation of the production line in a packaging workshop, the analysis and elimination of common problems in the main equipment are summarized in Table 4 .
Analysis of efficiency loss on the entire bottling line
Analysis on efficiency loss factors based on OTE (S) . Analyzing the overall equipment efficiency OEE and three performance metrics provide reasons for efficiency loss reasons in the beer bottling line. The OTE (S) and its performance metrics are from a global perspective for measuring and evaluating the enterprise line. The corresponding relationships between the influence factors and performance metrics are shown in Table 5 . Analysis of efficiency loss on the entire line based on theory of constraint. The core idea of theory of constraint (TOC) is that although each system has one or more constraint links, the performance of the entire system is determined by the weakest link. The specific performance is as follows:
1. The loss of the entire system is determined by the loss of the bottleneck resources, for example, the resources loss of the bottleneck in an hour is the loss of the entire system in an hour; 2. The utilization of non-bottlenecked resources is determined by bottlenecked resources; Figure 13 . Causal analysis of equipment performance rate. 1. Overhaul beer filling system, adjust the length of vacuum valve and gas-return pipe; 2. Adjust or replace the sealing rubber ring of beer valve; 3. Adjust the air valve and beer valve; 4. Strengthen the light inspection of empty bottles, and reject bottles when mouth is broken.
Capping machine
Broken bottle or bottle mouth burst 1. The bottle-guiding parts wear out; 2. Errors occur in the bottle-guiding parts' installation; 3. Bottleneck guide block is not positioned correctly, bent, worn out, or clearance is too serious; 4. Trip of capping machine is not adjusted well; 5. Drive gear, middle gear, and capping dial wheel are improperly arranged.
1. Measuring carefully, adjust the height of the capping machine trip; 2. Replace worn parts and adjust the bottle-guiding parts; 3. Rearrange the order of drive gear, middle gear, and capping dial wheel and verify its transmission effectiveness.
Straw-hat caps and biaspressed caps 1. Spring elasticity of capping plunger chip is not enough or spring cracks; 2. Plunger chip wears badly; 3. Capping mold is of poor quality and wears out seriously; 4. Cap container wears or is loose; 5. Magnet of cap container has weak magnetism or the magnet falls off; 6. Starwheel guide plate is misplaced or wears out; 7. Capping cams wear seriously; 8. Bottle pad wears seriously.
1. Replace plunger chip spring; 2. Replace worn-out plunger chip; 3. Replace with good quality capping mold; 4. Tighten the loose cap container utensil or repair it; 5. Replace the cap container magnet; 6. Repair worn-out capping cam; 7. Adjust or replace the worn-out star-wheel guide plate; 8. Replace the worn-out bottle pad.
Sterilization machine
Stale beer flavor 1. Sterilization temperature does not strictly follow technique; 2. In each temperature zone, the spraying pressure is low, with weak spraying; 3. Heaters in each temperature zone are abnormal; 4. Piping system is not cleaned completely.
1. Different bottle varieties strictly follow different sterilization temperatures; 2. Insist on checking the spray system once an hour, and weak spraying and no spraying should be handled in time to ensure that the sprayer is smooth and the pressure is satisfied; 3. Strictly control the step time of sterilization machine and eliminate unauthorized adjustment to ensure the quality of sterilization; 4. Regularly clean the heater to ensure heating quality; 5. Regularly clean the filter cartridge, filter screen, spray pipe, and water tank.
(continued) Bottle-supporting turntable, driving medium within label station wears out but not replaced in time, leading to the rotation of label board and bottle pallet not in place; 7. The installation of bottlefeeding star wheel and guide plate is not in place, bottle-pressing plunger chip presses the bottle in wrong place, leading to the dislocation of feeding bottle.
1. The label brush should be adjusted according to labeling situation, and it should be replaced in time when worn out. Residue of glue should be cleaned at least once per shift; 2. Replace the texture of the bottle pad once a month, and replace the original material with polyurethane; 3. Replace the worn drum accessories in time and make sure the elastic of drum clamping finger is consistent and flexible; 4. Replace the badly worn bottle-feeding star wheel in time; location and installation must be reliable; the height of bottle-feeding bridge plate and bottle pad should be consistent; and bottle feeding should be ensured not be misplaced; 5. There must be locating sleeves for installation of label plate and label box; the location must be reliable; the height should be appropriate; and the height of labels on label plate should be consistent. The standards of filling, cleaning, and other related processes are not clear, which leads to ineffective cleaning, excessive cleaning, and so on. There is no prevention for the errors experienced, while successful experiences cannot be summarized and promoted. Personnel management is inefficient Human operators are unreasonable, not stable, and have low skill level.
Relevant assessment indicators are not clear, which leads to loss of discipline, and more time spent in training staff. Performance rate Equipment management not in place Unstable performance of equipment, high failure rate, and long downtime of stand-alone equipment; some failures could lead entire line to breakdown; maintenance and preventative measures are not in place; limited maintenance efficiency leads to low equipment utilization.
Issues with logistics transportation system
The design and configuration of bottling line is not detailed; the transport line is too long; the design of the buffer is unreasonable; the material transportation route is too long; and the frequency of handing is high. Issues with bottle-conveying system Bottles fall down or are broken on conveyor belt and are not dealt with in time, influencing the operation of downstream equipment, leading to failures, quality problems, and so on; the speed control of the conveyor device is uncoordinated with the entire line cycle time, leading to the phenomenon of the entrance or exit being blocked by bottles, impacting the operation of upstream and downstream equipment, causing production time to not be fully used and resources are wasted. Quality rate
Quality problem The quality rate of production is low, with too many broken bottles and unqualified products not completely removed; the downstream devices are affected by this quality problem from upstream equipment; the production process is unstable; the first-passing rate is low and needs to be reworked.
3. The capacity of the system cannot be improved by saving non-bottlenecked resources; 4. The output of the entire system is determined by the bottlenecked resources.
In the previous section, the OTE (S) was calculated, and the bottleneck indexes are put forward to identify the bottlenecked unit that could affect the output of the system. The performance of the entire line is reflected in three performance indexes. Such evaluation indexes fully reflect the core idea of the TOCs that the entire line efficiency loss is determined by the efficiency loss of the bottlenecked unit. Therefore, the bottlenecked unit will be the focus for entire line efficiency loss analysis. 15 Combining TOC with OTE (S) , the application of this theory to the entire beer bottling line loss analysis process is as follows:
1. Identify the bottlenecked unit of the beer bottling line system; 2. Analyze the efficiency loss of the bottlenecked unit; 3. Determine how to maximize the use of bottlenecked resources; 4. Mobilize other resources in the system to support the above decisions; 5. Take necessary measures to optimize the bottlenecked resources; 6. If the bottlenecked resources are eliminated, return to the first step and continue to identify bottlenecks in the system.
Specific steps are shown in Figure 15 .
Suggestions for improving beer bottling line efficiency
After identifying the factors that affect the overall effectiveness, specific measures can be implemented as follows.
Equipment techniques. Sum the deficiencies of the equipment performance in the production process and optimize the equipment structure design, including the bottle-conveying chain and other connection facilities, as well as technique design, including Clean-in-Place (CIP) cleaning techniques. Timely improvement reduces the failure rate and increases equipment reliability. The quality rate of all equipment on one production line is shown in Figure 16 . Figure 16 shows that the quality rate of the bottle-washing machine is lower than other devices. Bottle washing is an important link in the beer bottling line and lies upstream from the filling process providing the packaging material for beer filling. The quality of bottle washing is directly related to the quality of the beer as well as entire line productivity. As such, bottle source management must be strengthened, starting with improving bottle-washing techniques including replacing the bottle-box mouth, properly reducing water pressure, modifying bottle falling methods, increasing steam pressure, regularly cleaning water scale, dredging the spray system, adjusting alkali concentration according to bottle quality, overhauling or replacing parts to ensure that the seal is intact, cleaning the filter in front of the pump, and replacing the impeller. Maintenance system. Collection and analysis of data from equipment failures set up a resource for abnormalities. Through ranking and analysis of abnormal equipment, the mangers can make pre-judgments on equipment failure, establish a maintenance system for each component of the beer bottling line, clear maintenance tasks, relevant operation staffs, maintenance time, take preventive measures to reduce the occurrence of failures, make relevant technical management measures, conduct regular inspections and maintenance for the devices that are often problematic, and implement total productive maintenance (TPM). Table 6 provides the list of the top five reasons that lead to equipment failure on the Yantai beer production line in one day. From the table, the self-fault of filling machine is the biggest factor that causes the overall efficiency to lower. It can begin with equipment maintenance to checking and excluding failure causes. Specifically, spot checking the system can be implemented for a filling machine by following the requirements of ''eight-fixation'': according to the possible result of the spot checking to pre-rank the issues priority, leaving non-emergency issues for a maintenance plan, and gradually achieve the purpose of predictive maintenance.
Balance production. Minor stop problems such as material shortage and material waiting increase the performance loss of a beer bottling line. Therefore, it is necessary to ensure continuity throughout the entire beer bottling line and reduce the stand-by time so as to ensure the balance of the production system. For example, set up the appropriate Working-in-Process (WIP) inventory before key and bottleneck processes, strengthen the overall awareness of operators, and enhance the proficiency of setting the filling equipment.
Other methods include taking note of abnormal situations in upstream or downstream equipment to reject fallen or broken bottles, and adjust the device speed to adapt to the production cycle so as to ensure the entire line remains balanced, orderly, and operates efficiently.
Eliminate bottlenecks. Using the deduction method, identify the bottleneck. The bottlenecking unit is always present with dynamic variability. In order to improve bottling line efficiency, it is important to continue excavating the bottleneck and improve it. The bottleneck analysis results of all equipment in the Yantai beer bottling line are shown in Figure 17 . Figure 17 shows that the bottleneck index of the filling machine is the lowest, making the filling machine the bottlenecking unit. Through analysis of the OEE, the availability rate, performance rate, and quality rate of the filling machine in Figure 18 , the availability rate is lower, which means the equipment failure rate is high, and adjustment time and preparation time are too long. Although the OEE of filling machine is high, the factor that leads to low bottleneck index is that the production capacity is lower compared to other devices. Therefore, the filling machine capacity can be improved by optimizing the techniques and structure of the filling machine.
Optimize layout. Logistics should be given more attention while optimizing techniques. By optimizing the factory layout using analysis of orientation and improving logistics allows for a balanced and smooth operation. Ensure information flows smoothly between the upstream and downstream components. Design a reasonable bottle buffer where stoppage data and failure loss can be summarized on the basis of design and optimization of the buffer area. Table 7 presents a list of the top five abnormal situations among all the equipment in the Yantai beer production line.
The information in Table 7 shows that lack of bottles or blocking bottles in downstream or upstream components is a serious issue. The filling machine is the most critical machine in filling line and is the bottlenecking unit of production capacity. As such, efficient and continuous operation of the filling machine will maximize the production line capacity. Bottle blockages in the filling machine exit means that the buffer area between the filling machine and downstream equipment is insufficient, leading to the inability for output to be stored in time when downstream equipment fails. Similarly, a lack of bottles in upstream components indicates that the transport system between the filling machine and upstream equipment is unreasonable. Increasing conveyor chain buffers, planning buffer size and other measures reasonably, can ensure smooth transitions between upstream and downstream equipment.
Personnel management. Poor personnel management influences availability rate, performance rate, and quality rate. Improving the operation training system is an effective way to optimize personnel management. This can be rectified by reasonably arranging training time and updating the training content in a timely manner. As for personnel skill training, more attention needs to be given to motion studies and parallel analysis. In addition, emphasis should be placed on standardization of the operation process, allocating human resources reasonably, strengthening awareness of spot checking, and reducing batch maintenance frequency. Equipment maintenance personnel and technical personnel need to keep an eye on equipment dynamics and failure risks should be solved quickly. Sabotage should be eliminated, making full use of meeting time to thoroughly educate and improve quality awareness among workers.
Department coordination. Strengthening the coordination between the quality supervisor and the production supervisor to reach a consensus among departments as well as attempting to shorten adjustment and preparation time could influence the availability rate and line work. For example, start-up detection, technique detection, and model-exchanging detection should be shortened or staggered to avoid idling due to waiting, in Figure 18 . Trend analysis of OEE metrics. order to improve the availability rate of equipment, increasing entire line efficiency. However, the problem of poor execution of the production plan can be improved through increasing communication frequency. For example, having the heads of the sales department, production department, filling department, purchasing department, and inventory department participate in a weekly meeting; provide a weekly plan; discuss and coordinate the production plan; and promote coordination and convergence between various departments through communication.
Conclusion and future work
This article focused on the study of the application of the OEE method in efficiency evaluation for a beer bottle filling production line, focusing on the following issues:
1. Deduction and derivation the OEE, OTE, and OTE (S) methods of a general production system. 2. Calculate the OEE of filling machines and OTE of a filling system combined with real production case studies. 3. Conduct a causal analysis of equipment efficiency loss using a fishbone diagram based on OEE and give metrics to the causes of problems. Establish a cycle efficiency loss analysis model for the entire line by combining OTE with TOC. 4. Summarize the common problems in filling production and provide improvement measures.
The OEE assessment analysis found that the OEE figure of each machine is less than 0.9, and the stenciling machine is 0.7275, which contributes to the minimum value for the filling system. From the indexes, the exact equipment that needs to be improved was identified. The OTE computation of each unit in the filling system showed that the unit furthest downstream brings the minimum value to 0.7457. However, the OEE and OTE figures only reflect the utilization of the individual equipment of unit. Considering production capacity, unit 3, whose output was the lowest, is the bottleneck link of the system and should be the key link to improve production line efficiency. OEE has better practicality in terms of equipment production efficiency evaluation. Using the OEE method allows for measurement of equipment utilization and is helpful for equipment efficiency loss analysis and efficiency improvement.
As for future research in this area, a modeling and simulation method may be developed on the basis of OTE to facilitate new factory design. Furthermore, OTE method can be considered into the construction of intelligent factories, by implementing OEE and OTE into a software tool to automate single equipment and entire factory performance analysis and diagnostics process.
